Introduction
Co(III) complexes of 2,4-dioxo-alkanoic acid dialkylamides are useful catalysts for the aerobic oxidation of olefins to peroxides or alcohols (1, 2, 3, 4, 5) , and for the oxidative cyclization of 5-hydroxy pentenes to tetrahydrofurans (THFs) (6). In recent years the stereoselective aerobic oxidation of 5-hydroxy pentenes to trans-THFs (henceforth the Mukiayama oxidation, Scheme 1) has emerged as a powerful tool in organic synthesis, and has been strategically employed in the total synthesis of natural products by the groups of Wang and Shi (7), Takahashi and Nakata (8) , Evans (9) , and Pagenkopf (10) . Surprisingly, despite the obvious synthetic importance of these catalysts there is little structural information available on transition metal 2,4-dioxo amide complexes, and to the best of our knowledge no X-ray structures of these species have been reported. In this paper we describe crystal structures of two Co(II) complexes and one Co(III) complex. 
Experimental
General procedure for ligands 2 To a cooled (0 °C) solution of dialkylamine (10 mmol) and Et 3 N (10 mmol) in CH 2 Cl 2 (20 mL) was added ethyl oxalyl chloride (10 mmol) . After stirring at room temperature for 16 h, the reaction mixture was washed with 1 M HCl (2 x), sat. NaHCO 3 , brine and dried (MgSO 4 ). Concentration in vacuo gave 1 as a white solid or colorless oil in quantitative yield which was used without further purification.
A solution of t-BuOK (23 g, 205 mmol 2.1 eq) in THF (180 mL) was added via cannula to a solution of pinacolone (12 mL, 96 mmol, 1.0 eq) and amide 1a (18 g, 96 mmol, 1.0 eq) in THF (40 mL) over 40 min at rt. After 3 h, AcOH (20 mL, 350 mmol, 3.6 eq) was added over 5 min and the resulting heterogeneous mixture was filtered and the solids were washed with CH 2 Cl 2 . The filtrate was washed with NaHCO 3 and brine, dried, filtered and concentrated. Purification of the resulting oil by flash chromatography (SiO 2 , 50% EtOAc/hexanes) provided the title compound as a slightly yellow solid (18.1 g, 78%).
To a solution of 2 (7.0 mmol) in hexanes or benzene (3a) was added Co(II)(2-ethyl-hexanoate) 2 (3.5 mmol) solution in mineral spirits. The reaction mixture was stirred at room temperature for 8 hours and hexane (ca. 70 mL) was added to induce precipitation. The solids were separated by centrifugation or filtration, and washed with hexane.
Full characterization of Co(II) complexes by NMR was not possible because the salts are paramagnetic. Combustion analysis is significantly out of range because the number of water molecules within the powder varies, and drying generally led to decomposition. Attempts to record discrete melting points also led to decomposition. Several of these complexes are known compounds, including 3a, 3b, and 3c (3a,11). Synthesis and characterization of 9 To a mixture of 3d (0.76 g, 1 mmol, 1.0 equiv) in acetone (20 mL) was added 30% w/w H 2 O 2 (1.2 mL, 10 mmol, 10 equiv) at room temperature. After 15 h the solution was concentrated under reduced pressure. TLC showed the residue showed numerous spots. Flash chromatography over silica gel (25% EtOAc/hexanes) allowed separation of at least six distinct bands, one of which (R f = 0.25, 40% EtOAc/hexanes) provided material that eventually crystallized. The crystal for X-ray analysis was grown from a vapor diffusion chamber containing EtOAc, toluene and hexanes 
Results and Discussion

Cobalt(II) Structures
Our initial efforts to employ the Mukaiyama oxidation in synthesis were complicated by fickle oxidation results as a consequence of inconsistent purity of the Co(II) complex. The first reports on Co(II) 2,4-dioxo-alkanoic acid amide complexes utilized CoCl 2 under aqueous alkaline conditions, but we found that such conditions caused decomposition of the morpholine amide 2a (Scheme 2). The result was that the preparation of catalyst 3a under the aqueous conditions provided a highly contaminated amorphous brown solid, and attempts at purification proved fruitless. However, these difficulties were overcome by complexation under neutral conditions in organic solvent. When a solution of the free ligand 2a in benzene was treated with 0.5 equivalents of Co(II)(2-ethyl hexanoate) 2 , the initial dark blue color quickly dissipated, and the resulting red solution was treated with hexane to precipitate the complex 3a. This modified procedure proved effective for the preparation of a variety of 2,4-dioxo amide complexes, and these results are summarized in Table 2 . Replacement of the morpholine with piperidine (3b), diethylamine (3c) or dibenzyl amine (3d) gave complexes as microcrystalline pink powders unsuitable for single crystal X-ray analysis. Of these, the dibenzyl amide 3d displayed the most promising crystalline character, and in entries 5 -7 the dibenzyl amide portion of the ligand was conserved while substitutions were made in place of the tert-butyl group. The methyl (4), isopropyl (5) and phenyl (6) analogs of 3d were each prepared successfully, but they too failed to give crystals suitable for X-ray analysis.
A more substantial change was made by installing a methyl group at C(3), and gratifyingly, the complex 7 was obtained as red crystals, and the unusual X-ray structure of 7 is shown in Figure 1 (12) . Selected bond lengths and angles are reported in Table 3 . There are three cobalt atoms present in the unit cell, each separated by 4.870 Å. The two outer cobalt atoms are each surrounded by three dioxoamide ligands, and their negative charge is balanced by a central Co(II)(H 2 O) 6 . The dihedral angle between the amide carbonyl and the acac-like plane is 118(1)°, which might be expected in order to minimize A(1,3) strain with the C(3) methyl group. The unfavorable A(1,3) interaction was also evident in the 1 H NMR spectra of the metal-free ligand 8, which in CDCl 3 existed as a 1:1 ratio of both the keto and enol forms (Scheme 3). In contrast, the preceding ligands existed primarily in the enol form. The distinctly different structure and behavior of ligand 8 compared to the others caused concern that the structure of 7 may be unique and not representative of the series. To address concerns that the C(3) methyl may have led to a structural anomaly, additional complexes more closely resembling 3d were prepared. Of these, the bi-phenyl analog 3e (Table 2, entry 9) formed crystals suitable for Xray analysis (Figure 2) . Importantly, the major features of the two structures are conserved, including the arrangement of the three cobalt atoms and the angle of the amide. A minor difference is that central cobalt in 3e is surrounded by only three water molecules, with the coordination sphere being fulfilled by dative bonding from a neighboring ligand. The distance between Co(1) and Co(2) was found to be 4.980 Å, Co(2) and Co(3) are separated by 2.926 Å. Bond lengths and angles of significance are reported in Table 4 . In both X-ray structures there are neutral donors, including water, surrounding the central cobalt atom. The reactions were run under an argon atmosphere using undried bulk solvents, and this was presumably the origin of the water. To determine if additional water would facilitate crystallization, several complexation reactions were simply performed open to air. Remarkably, the preparation of 3d under these conditions gave larger crystals that were easily obtained by filtration (instead of centrifugation); Importantly, no oxidation to Co(III) was observed under these conditions (TLC), whereas the analogous Co(acac) 2 species oxidize more readily.
Cobalt(III) structure
Obtaining structural information about the Co(III) complexes (which are generated in situ for the Mukaiyama oxidation) might be more helpful in speculating about the nature of the active catalytic species. However, the Co(III) complexes are generally obtained as green oils or glasses. Efforts to grow crystals at -20 °C were promising, but the resultant crystals were not of suitable quality for X-ray analysis. The Co(III) complexes are stable to flash chromatography on silica gel, and the complexes elute as numerous bands, some of which are readily separable while others are overlapping. We speculated one origin of these different bands to be diastereomeric complexation, and when separated the individual diastereomers might crystallize more easily. At room temperature individually eluted bands isomerize within a day or two to multiple species, as monitored by TLC. However, at -20 °C the isomerization is slowed dramatically, and crystals suitable for X-ray crystallography were obtained from one of the more polar bands (R f = 0.25, 40% EtOAc/hexanes) of compound 9 (the oxidized version of 3d) (Figure 3 ). In this binuclear cluster the two central cobalt atoms are bridged by two hydroxyl groups, and each cobalt is surrounded by two chelating ligands. Significant bond lengths and angles have been summarized in Table 5 . 3 showing the labeling scheme for selected atoms (12) . Displacement ellipsoids are scaled to the 30% probability level. Hydrogen atoms and the aromatic groups have been removed for clarity. The three water molecules of the bis Co complex are H-bound to carbonyl oxygen atoms of the adjacent mono Co complex. Complex 3e crystallized with 1 molecule of hexane, and two molecules of acetone, which were removed from the image for clarity.
Use of Crystals in Oxidative Cyclizations
All of the new complexes reported in Table 2 possess some catalytic activity for the oxidation of γ-hydroxyl olefins to tetrahydrofurans. The complexes 3a and 3d have emerged as particularly useful catalysts, and the decision to employ one versus the other is influenced by product polarity and chromatographic characteristics. Crystals of 9 were dissolved in iPrOH and appeared as a single spot by TLC. These crystals successfully catalyzed the oxidation shown in Scheme 1 (1 atmosphere O 2 , iPrOH, 50 °C, 16h) in yields typically ranging from 70-90%. Some spots isolated from the Co(III) species via chromatography were found to be inactive under standard Mukaiyama oxidation conditions. Investigations are currently underway to determine the structural differences between the active and inactive Co(III) complexes.
Conclusions
A modified synthesis for the preparation of Co(II) complexes bearing 2,4-dioxo-alkanoic acid dialkylamide ligands has been reported, and the resulting complexes are better precatalysts for the Mukaiyama oxidation compared to those prepared under aqueous alkaline conditions. X-ray structures for two of the Co(II) complexes have been solved, and they revealed a unique arrangement of cobalt atoms in the unit cell, where two anionic clusters each containing one Co(II) atom surrounded by three negatively charged dioxoamide ligands flank a central Co(II) atom with neutral donors. Oxidation of the Co(II) salts with H 2 O 2 gave green oils or glasses. Separation of the slowly equilibrating mixtures by flash chromatography on silica gel resulted in the isolation of a single diastereomer that led to crystals of 9 suitable for X-ray analysis.
